Abstract: Autophosphorylating histidine kinase CheA is central to signaling in bacterial chemotaxis. The kinase donates its phosphoryl group to two response regulators, CheY that controls flagellar rotation and thus motility and CheB, crucial for sensory adaptation. As measured by coupled CheY phosphorylation, incorporation into signaling complexes activates the kinase~1000-fold and places it under control of chemoreceptors. By the same assay, receptors modulate kinase activity~100-fold as a function of receptor ligand occupancy and adaptational modification. These changes are the essence of chemotactic signaling. Yet, the enzymatic properties affected by incorporation into signaling complexes, by chemoreceptor ligand binding or by receptor adaptational modification are largely undefined. To investigate, we performed steady-state kinetic analysis of autophosphorylation using a liberated kinase phosphoryl-accepting domain, characterizing kinase alone, in isolated core signaling complexes and in small arrays of core complexes assembled in vitro with receptors contained in isolated native membranes. Autophosphorylation in signaling complexes was measured as a function of ligand occupancy and adaptational modification. Activation by incorporation into signaling complexes and modulation in complexes by ligand occupancy and adaptational modification occurred largely via changes in the apparent catalytic rate constant (k cat ). Changes in the autophosphorylation k cat accounted for most of the~1000-fold kinase activation in signaling complexes observed for coupled CheY phosphorylation, and the~100-fold inhibition by ligand occupancy or modulation by adaptational modification. Our results indicate no more than a minor role in kinase control for simple sequestration of the autophosphorylation substrate. Instead they indicate direct effects on the active site.
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Introduction
Autophosphorylating histidine kinase CheA [ Fig.  1(A) ] is central to molecular mechanisms of bacterial chemotaxis. See recent reviews [1] [2] [3] [4] for overviews of the chemotaxis system. Kinase activity determines cellular levels of the phosphorylated, i.e., active forms of response regulator CheY and the methylesterase of sensory adaptation, CheB. Control of kinase activity by transmembrane, methyl-accepting chemoreceptor proteins directs bacterial movement in favorable directions. Isolated CheA has low kinase activity. As measured by the coupled phosphorylation of CheY, incorporation into signaling complexes with chemoreceptors and the coupling protein CheW activates the kinase up to 1000-fold and places the enhanced activity under control of chemoreceptors. [5] [6] [7] In signaling complexes, attractant binding to receptors inhibits kinase activity. At saturation this inhibition is 50-fold to 100-fold. The chemotactic sensory adaptation system counteracts this inhibition via chemoreceptor covalent modification. Four methyl-accepting glutamyl residues in the receptor cytoplasmic domain can be methylated by methyltransferase CheR to form neutral glutamyl methylesters, a modification that results in a chemoreceptor conformational change that generates kinase activation. These methylesters can be demethylated by methylesterase CheB to reform the negatively charged side chain, a modification that reduces kinase activity. Glutaminyl residues at methyl-accepting sites have essentially the same effects as methylesters 8, 9 and thus manipulating a chemoreceptor gene to code for glutamines at those sites allows creation of receptors with defined extents and positions of adaptational modification. Kinase activation by a fully modified, all-glutamine receptor as measured by coupled phosphorylation of CheY is almost 200-fold greater than by an allglutamate receptor. 10 Chemotactic kinase CheA is a type II histidine kinase.
11 It forms homodimers. 12 Only the dimeric form is enzymatically active. 13 The protein has five domains [ Fig. 1(A) ].
14 P1 carries the autophosphorylated histidine, His48. P2 binds CheY and CheB, bringing those substrate proteins in proximity to phosphorylated P1 and thus accelerating phosphoryl transfer. P3 is the dimerization domain; two helices from each CheA protomer combine to form an inter-subunit four-helix bundle.
14 P4 contains the kinase active site and thus binds both substrates, P1 and ATP. Regulatory domain P5 interacts with chemoreceptors and CheW to form core signaling complexes in which kinase activity is coupled to receptors and placed under their regulatory control. 7, 15, 16 An unstructured linker between P1 and P2, and another between P2 and P3, totaling $60 residues of unstructured polypeptide chain, provide considerable mobility for the self-contained P1 and P2 domains. [17] [18] [19] Thus interaction of the P1 phosphoryl-accepting domain and the P4 active site occurs by diffusion of P1 on a relatively long tether. In fact, the "liberated," untethered form of P1 is phosphorylated by the P3-P4-P5 portion of the kinase. [20] [21] [22] We have utilized this phenomenon in the experimental design of the current study. Kinase activation upon formation of signaling complexes, kinase inhibition by chemoreceptor ligand occupancy and control of kinase activity by chemoreceptor adaptational modification must all alter crucial features of the enzymatic reaction. However, information about the identity of these features is limited and incomplete. Thus, we undertook Michaelis-Menten analysis of steady-state kinetics for kinase autophosphorylation by CheA alone, CheA in isolated signaling complexes and CheA in signaling complexes interacting in small arrays. For the latter two conditions, we determined autophosphorylation kinetics as a function of chemoreceptor ligand occupancy and adaptational modification.
Results

Experimental strategy
The initial step in phosphoryl transfer by the chemotaxis two-component signaling system is autophosphorylation of kinase CheA. Our studies of kinase activation and inhibition characterized this reaction by steady-state, Michaelis-Menten analysis. There are two substrates in the autophosphorylation reaction, the phosphoryl-donor ATP and the phosphorylaccepting histidine on the P1 domain of the kinase. One substrate, P1, is tethered to the active site. This situation limits and complicates steady-state kinetic characterization of autophosphorylation by intact kinase because the concentration of that substrate cannot be varied, the enzyme undergoes a single turnover and the phosphoryl group on P1 is readily transferred back to ADP. 23 To overcome these limitations, we used P1 liberated by genetic manipulations from the enzymatically active module, domains P3-P4-P5 [ Fig. 1(B) ]. 21 Other investigators have shown that liberated P1 is effectively phosphorylated by domains P3-P4-P5 and the separated domains allow kinetic characterization of autophosphorylation. [20] [21] [22] A second design issue was the possibility of local trapping of ATP or liberated P1 near the active site. Specifically, in arrays of signaling complexes, there are multiple kinase active sites in close proximity. Since substrates generally interact with active sites many times before catalysis occurs, 24 high local concentrations of substrate-binding sites could retain substrates near the active site, generating effective local concentrations higher than bulk concentrations and thus confounding kinetic analysis based on values of bulk concentrations. We addressed this issue by characterizing kinase autophosphorylation in isolated signaling complexes assembled using Nanodisc-inserted chemoreceptors 25, 26 and compared those results to kinase autophosphorylation by the small arrays of signaling complexes that assemble on chemoreceptors inserted in native membranes fragments isolated from cells overproducing those receptors [ Fig. 1(C (Tables I and II) . K M values were determined directly from data plots by fitting to the MichaelisMenten equation. Values for k cat were calculated from the respective data sets, one generated by varying ATP concentration and the other by varying P1 concentration. We divided the V max determined using Michaelis-Menten fitting of the primary data by the concentration of enzyme, i.e., P3-P4-P5. For P3-P4-P5 alone the enzyme concentration was the concentration of P3-P4-P5 in the reaction mixture. For kinase in Nanodisc-based, single core complexes, the relevant enzyme concentration was the concentration of P3-P4-P5 incorporated into signaling complexes. We determined that concentration by utilizing the receptor-borne affinity tag to separate P3-P4-P5 incorporated into Nanodisc-based core complexes from unassociated enzyme (see Materials and Methods). Kinetic experiments were performed at sub-saturating concentrations of the constant substrate (ATP or P1) and varying concentrations of the other substrate (P1 or ATP). Resulting apparent k cat values were lower than actual k cat values because the constant substrate was not at saturation. We used those values to calculate actual k cat values corresponding to saturation by both substrates using the Michaelis-Menten equation and K M values determined for the constant substrate by experiments in which that substrate was the variable one (see Materials and Methods). Thus we obtained two separate determinations of the overall apparent rate constant of P1 phosphorylation. The resulting values were the same within the error of the determinations (Tables I and II) . This provided an important internal check of the validity of our measurements and calculations. For each condition, the separate values were averaged to yield a best estimate of the apparent rate constant of CheA autophosphorylation. That averaged value was used to calculate values for k cat /K M , a measure of enzymatic catalytic efficiency. Figure 3 illustrates that kinase activation in signaling complexes affected primarily k cat , enhancing that parameter 300-fold, modestly improved K 
Comparison of isolated core complexes and small arrays
We compared (Fig. 5 ) activation and ligand control of CheA P3-P4-P5 in Nanodisc-based, isolated core signaling complexes (Fig. 2 , Table I ) to activation and control in small arrays of core complexes assembled using E. coli membrane isolated from cells overproducing a chemoreceptor (Supporting Information  Fig. S4 , Table II) . Comparable small arrays, 27 assembled with intact kinase, have been used extensively by multiple laboratories to characterize in vitro receptor-controlled signaling. 10, [29] [30] [31] [32] [33] [34] To determine k cat values for the small arrays of Tar signaling complexes assembled with CheA P3-P4-P5, we determined the amount of kinase incorporated into those complexes by quantifying P3-P4-P5 retained Cartoons between the two panels illustrate the various conditions. The inset shows an expanded scale for two lowest curves. Supporting Information Figure S1 provides a further expansion for the lowest curve, P3-P4-P5 alone. To facilitate direct comparisons, initial rates were normalized to 1.8 lM P3-P4-P5. Error bars represent standard deviations of the mean (n ! 3).
by the membranes after centrifugation and washing to remove free enzyme. 33 As illustrated in Figure 5 , there were no systematic differences between the two preparations in terms of signaling complexmediated activation or ligand-mediated inhibition of kinase autophosphorylation. Thus, it appears that small arrays of core complexes do not significantly confound kinetic analysis because of increased local substrate concentrations generated by the presence of multiple closely clustered substrate-binding sites.
On the basis of this information, we used the small arrays of signaling complexes assembled on native membranes containing inserted Tar to investigate effects of adaptational modification.
Kinetic analysis of effects of chemoreceptor modification state on kinase autophosphorylation
It has long been observed that kinase activity of signaling complexes increases as chemoreceptor modification increases. 29, 31, 34 We investigated the kinetic basis of these activity changes with analysis of P1 phosphorylation by P3-P4-P5 in small arrays of signaling complexes containing Tar at the two extremes of adaptational modification: none, glutamyl residues at the four methyl-accepting sites (Tar-EEEE); and complete, glutaminyl residues at the four sites (Tar-QQQQ). The kinetic parameters derived from these data are shown in Table III (Tables II and III 
Discussion
Studies described here revealed that both activation and inhibition of CheA autophosphorylation are mediated primarily by changes in the apparent rate constant of phosphoryl transfer to the kinase P1 Table II 
Mean Table I for numerical values. Table I for numerical values.
domain, that simple sequestration of the phosphorylaccepting CheA domain P1 is not a major contributor to kinase control and that K M values for P1 and ATP are poised near the estimated concentrations of the natively tethered domain and cellular ATP, respectively. In addition, as discussed in a following section, comparison of our data for P1 phosphorylation with data for coupled phosphorylation of response regulator CheY indicates that most of the control of kinase-mediated signaling is at the level of autophosphorylation, not at the level of phosphoryl transfer to the response regulator. We consider these observations in more detail in the sections below, after a brief discussion of the relationship of kinetic parameters we determined to parameters reported in previous studies. Previous publications have reported values for a few of the kinetic parameters determined in the current study. Values we determined for those parameters are in large part consistent with published values. Our values for K ATP M (Tables I-III) value determined by an extensive kinetic characterization of intact CheA autophosphorylation, 36 perhaps because of a modest difference between rate constants for the liberated and tethered domain. In contrast, a kinetic study of CheA and its catalytic fragment P3-P4-P5 as isolated enzymes and in signaling complexes assembled with receptor fragments reported quite different values for k cat , $10-fold higher for the intact enzyme and 48-fold higher for P3-P4-P5. 22 That study also reported K
P1
M values approximately 20-fold lower than the values we determined (Tables I-III) . The origins of these disparities are not clear, but could reflect several significant differences between the experimental designs of the two studies. Importantly, the earlier study did not characterize intact signaling complexes but instead complexes of CheW, and CheA with chemoreceptor cytoplasmic domains lacking periplasmic and transmembrane domains and thus membrane association, and that exhibited with an apparent stoichiometry and three-dimensional organization different from those for the intact system. 37 In addition, the earlier study was performed using Salmonella enterica chemotaxis proteins and an assay that monitored phosphorylation by coupled reactions monitoring steady-state phosphorylation not initial rate.
Kinase autophosphorylation is controlled via k cat
Chemotaxis kinase CheA is influenced by three different inputs. It is activated by formation of chemotaxis signaling complexes, inhibited by ligand occupancy of receptors in those complexes and activated in complexes by covalent modifications that eliminate the negative charges of specific glutamyl residues at the receptor methyl-accepting sites. We investigated which features of enzyme activity were affected by the respective inputs and found that the major effect for all three was on the apparent catalytic rate constant of the reaction, k cat . In some conditions the value of a substrate K M was altered, but no more than approximately three-fold, not the orders of magnitude changes observed for the apparent value of k cat . In interpreting these observations, we can consider K M values approximations of substrate dissociation constants because P1 phosphorylation by P3-P4-P5 fulfills the requirements of no known enzyme-substrate covalent intermediate and dissociation of enzyme-substrate complex much more likely than catalysis. The latter situation results from low apparent rate constants (<10 s 21 ) and K M values in the hundreds of micromolar. This indicates that the principal target of all three ways of affecting kinase activity is the rate constant of catalysis and not affinity of the enzyme for either substrate. Thus, we conclude that the effects we observed on the apparent values of k cat are effects on the rate-limiting step of the catalytic mechanism. That step could be chemical transfer of the phosphoryl group from ATP to the histidinyl side chain of P1, release of product phospho-P1, release of ADP, or some other aspect of the catalytic cycle. Our data are consistent with complex formation, ligand binding and adaptational modification all targeting the same rate-limiting step for acceleration or deceleration. However, the situation could be more complex if the identity of the rate-limiting step changed upon activation or inhibition. In any case, k cat could be changed in a pattern consistent with our data by action on the kinase active site to alter its effectiveness directly or by shifting an equilibrium between active and inactive conformations of that site. 23 
M e a n k 
Kinase control is almost entirely control of autophosphorylation
Chemotactic responses are the result of controlled changes in the cellular content of the phosphorylated form of response regulator CheY. Formation of CheY-P involves two steps, phosphoryl transfer from ATP to a histidinyl residue on CheA domain P1 and phosphoryl transfer from P1 to response regulator CheY. Physiologically relevant kinase activity could be controlled at one or both steps. The work described here documents significant control of CheA autophosphorylation. Is there additional control at the step of phosphoryl transfer from P1-P to CheY? Comparisons of the data from this study with previous studies (Fig. 7) indicate that there could be modest additional control at that step, but that its magnitude would be small in relation to the overall change in kinase activity. Specifically, Nanodiscbased core complexes made with Tar-QEQE and assembled with CheA P3-P4-P5 increased the rate constant of kinase autophosphorylation $350-fold and k cat /K M 350-to-1000-fold for P1 and ATP, respectively (Table I) . Nanodisc-based Tar-QEQE core complexes assembled with intact CheA activated the rate of CheY-P formation $750-fold. 7 Comparison of these respective enhancements indicates that any contribution to activation of physiologically relevant kinase activity by phosphoryl transfer from P1-P to CheY would be no more than two-fold. Correspondingly, saturation with attractant ligand of chemoreceptors in core complexes made with CheA P3-P4-P5 inhibited the k cat of autophosphorylation $40-fold and k cat /K M in the order of 50-fold (Table I) whereas ligand saturation of intact CheA complexes inhibited Table III for numerical values.
the rate of CheY-P formation $135-fold, 7 implying no more than a three-fold contribution to inhibition of phosphoryl transfer from P1-P to CheY.
P1 sequestration at a site distinct from and unlinked to the active site is not a major contributor to kinase control
One means of controlling kinase activity of the intact enzyme would be to control availability of tethered P1, for instance by sequestering the domain at a binding site away from the kinase active site. In fact, a P1-binding site separate from the active site has been identified on the CheA P4 domain 38 and proposed on chemoreceptors. 30 In addition, tomographic images of signaling complex arrays revealed that in kinase-off signaling states the P1 and P2 domains of the intact kinase were sufficiently immobilized that they were visible as distinct densities in the sub-volume averages, but were not resolved in sub-volume averages of kinase-on signaling states. 39 These observations suggest that low kinase activity could correspond to immobilized, perhaps sequestered P1 domains. Our studies of kinase autophosphorylation using liberated P1 domains provided an opportunity to test the importance of sequestering P1-binding sites in control of kinase activity. In our experiments, liberated P1 was at concentrations of hundreds of micromolar whereas signaling complexes and their constituent proteins were at concentrations 100-to 1000-fold lower. As a result, any P1-binding sites capable of sequestering the single P1 available to the active site of intact CheA would be occupied, but many P1 domains would still be available for interaction and catalysis at the kinase active site. If simple sequestering of tethered P1 were a major contributor to the kinaseoff state, or release of sequestered P1 were a major contributor to its kinase-on state, then in experiments with liberated P1 and the catalytic P3-P4-P5 fragment, activity differences between the kinase-off and kinase-on states would have been significantly reduced or eliminated. Instead activation and inhibition of kinase corresponded, within a factor of two or three to the orders-of-magnitude effects observed for intact enzyme (Fig. 7) . P1 sequestration at a site distinct from the active site could be involved in the remaining factor of two or three. Although simple sequestration of P1 cannot be a major contributor to kinase control, a P1-binding site distinct from the active site might be involved if occupancy of such a distinct, high-affinity site blocked access to the active site or disrupted it allosterically, and the inhibiting P1-binding site were available in the inactive state of the enzyme but not in its active state. Thus, transitions from inactive to active or vice versa would involve reductions or increases, respectively, in the proportion of the enzyme population with the inhibiting site available, generating apparent changes in k cat values and little change in values of K M .
K M values for ATP and P1 are appropriate for their respective physiological concentrations K M values are generally related to the physiological concentrations of the respective substrates. This is the case for the chemotaxis kinase. The intracellular concentration of ATP in E. coli averages $1.5 mM. 40 Most K M values for ATP we determined ranged from 0.3 to 0.6 mM (Tables I-III) . Thus, in terms of ATP, autophosphorylation would proceed at 71 to 83% of maximal rate and the modest changes we observed for K ATP M values would affect the rate no more than $20%. For P1, the relevant concentration for intact enzyme is the local concentration of the natively tethered domain. This concentration can be estimated as $730 mM (see Materials and Methods). K P1 M values ranged from $100 to 430 lM (Tables I-III) , below the substrate concentration, but sufficiently close to allow modest effects on reaction rate. The largest change we observed for the K P1 M , a shift from 430 lM for free kinase to 130 lM for kinase in isolated core complexes, would increase reaction rate $ 20%.
A common target for kinase control by different inputs
Our understanding of interactions in signaling complexes is consistent with a common target for all three inputs that alter kinase activity. In signaling complexes, the enzyme has physical contact with chemoreceptors and CheW 15, 16, 41 and thus kinase activation by formation of signaling complexes must involve one or both of these contacts. The magnitude of activation is a function of receptor signaling state. In signaling complexes, k cat and k cat /K M of the kinase are enhanced relative to the free enzyme, but the magnitude is a function of the signaling state of the chemoreceptors in those complexes (Fig. 6) . Tar-EEEE, strongly shifted to the kinase off conformation, enhanced k cat and k cat /K M only $three-fold and $10-fold, respectively. Tar-QQQQ, strongly shifted to the kinase on conformation, enhanced k cat and k cat / K M 470-fold and $1000-fold, respectively (Table III) . Shifting either conformation toward a kinase-off state by ligand occupancy reduced activation, for Tar-EEEE to the low activity of free CheA (Table  III) . A unified interpretation is that kinase activation by interaction with receptors in signaling complexes, whether by direct contact or via CheW, is a function of receptor signaling state, whether influenced by ligand occupancy or adaptational modification. Thus, we suggest that all three inputs influence the kinase via the same physical contacts and in large part alter the same enzymatic property, the apparent kinase rate constant.
Materials and Methods
Plasmids, strains, proteins, and Nanodiscs
Membrane scaffold protein MSP1D1E3(-) 42 and CheW 43 were produced and purified as described. E.
coli Tar-EEEE, Tar-QEQE and Tar-QQQQ with sixhistidine, carboxyl-terminal extensions were produced in E. coli K12 strain RP3098 that does not contain chemotaxis or chemoreceptor proteins, 44 harboring pAL529, 45 pAL67 46 or pAL533, 10 respectively.
Cytoplasmic membranes enriched in the respective receptor forms were prepared as described. 10, 47 Nanodiscs containing 3.5 to 4 Tar dimers per disc were prepared using Ni-NTA affinity chromatography and size-exclusion chromatography. 7 The P1 and the P3-P4-P5 fragment of E. coli CheA were isolated from E. coli BL21 (DE3) harboring pET28a carrying the coding sequence for CheA residues 1-134 with six histidines at its carboxyl terminus or for CheA residues 261-654 with the coding sequence for the amino-terminal six-histidine tag removed by mutagenic primers and PCR, respectively. 48 Plasmidharboring strains were inoculated into LB broth (10 g/L Bacto tryptone, 5 g/L Yeast extract, 10 g/L NaCl) at OD 560 $0.05, incubated with agitation at 358, IPTG added at OD 560 $0.4 to induce expression and harvested at OD 560 $3.0. Cells were pelleted by centrifugation at 15,000 g and 48 in a SLC-6000 rotor (Thermo Fisher Scientific, Waltham, MA), suspended in a smaller volume of 50 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 2 mM dithiothreitol and 20% (w/v) glycerol and lysed in a French Press at 48.
Lysates were centrifuged at 100,000 g and 48 in a TL100.4 rotor (Beckman Coulter, Brea, CA). Supernatants containing P1-His 6 were applied to a Ni-NTA column (GE Healthcare, Chicago, IL). The column was washed with 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 30 mM imidazole, 1 mM dithiothreitol, P1-His 6 eluted by 300 mM imidazole in the same buffer and fractions containing that protein pooled and dialyzed against 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.5 mM EDTA and 2 mM dithiothreitol (TNED). Supernatants containing CheA P3-P4-P5 were applied to the QAE ion-exchange column Shodex QA-825 (Showa Denko, Tokyo, Japan) attached to an HPLC system (Gilson, Middleton, WI), a gradient of 0 to 0.8 M NaCl in 50 mM TrisHCl (pH 7.5) applied and selected fractions containing P3-P4-P5 and minimal contaminants pooled and dialyzed against TNED. Protein concentrations were determined by quantitative immunoblots using purified standards for the respective proteins with concentrations determined by quantitative amino acid analysis.
Signaling complexes
Mixtures of 5 mM CheW, 2 mM P3-P4-P5 and 10 mM chemoreceptor Tar-6H in different modification states, inserted in Nanodiscs or in native membrane vesicles, were incubated and processed as described. 7, 26 For Nanodisc-based core complexes, the resulting signaling complexes were separated from free P3-P4-P5 with a Ni-NTA column. 7, 26 For native-membrane-based small arrays of core complexes, separation was performed by two rounds of centrifugation and suspension in a solution with no P3-P4-P5. 33 Amounts of P3-P4-P5 incorporated into signaling complexes were determined by quantitative immunoblotting as described above.
Kinase assays
Kinase activity was assayed essentially as described. 
Local concentration of tethered P1 for intact CheA
Following the lead of Greenswag et al., 23 we calculated an approximate operational concentration of tethered P1 in intact CheA by assuming a Gaussian chain model and utilizing the Jacobson-Stockmayer factor that estimates the concentration of one end of a flexible chain in the vicinity of the other. That factor is:
where C n is the Flory characteristic ratio, n the number of links in the chain and l the chain unit length. Using the poly-L-alanine C n of 9.5, n 5 60 which represents the sum of residues in the P1-P2 and P2-P3 linkers plus one residue distance between the position of the N-and C-termini of P2, and 3.8 Å for the unit length, we calculated an estimated operational concentration of tethered P1 of $730 mM.
